Abstract: Although 60 GHz millimeter wave (mm-Wave) systems employing OFDM can provide multi-Gbps data rate, the high level of phase noise (PN) of the mm-Wave transceivers induces inter-carrier interference (ICI) that degrades the performance of the OFDM systems. In the conventional method, the effects of PN can be well compensated by the iterative receiver processing; however, it has high complexity. In the previous work, we proposed a simple frequency domain ICI compensation, that linearly combines the channel equalized receive signals; however, it needs PN-robust channel estimation methods. In this paper we evaluate the proposed scheme with considering the channel estimation, and propose a PN-robust channel estimation method. Keywords: millimeter wave, phase noise, OFDM, inter-carrier interference, compensation, channel estimation Classification: Wireless Communication Technologies 
Introduction
Millimeter wave (mm-Wave) wireless communications with OFDM are widely evaluated and adopted in the 60 GHz-based mm-Wave standards like IEEE 802.11ad [1] . However, the high level phase noise (PN) of the mm-Wave transceiver induces the common phase error (CPE) and inter-carrier interference (ICI) that degrade the performance of the OFDM systems. In the conventional method [2] , the effects of PN are well compensated by the iterative receiver processing; however, it has very high complexity. In [3] , we proposed a simple frequency domain scheme, which is expected to have much lower numerical complexity. However, PN-robust channel estimations are necessary. Here we evaluate the channel estimation methods, and propose a PN-robust channel estimation method for the proposed scheme.
Simple frequency domain ICI compensation
We consider a mm-Wave wireless link with one single antenna transmitter (Tx) and one single antenna receiver (Rx). The Tx signal is defined as
where n is the index of time samples sampled with sampling rate f s . m 0 is the index of the OFDM subcarriers, N is the number of FFT points, Xðm 0 Þ is the signal at the m 0 th subcarrier in frequency domain and N GI is the length of guard interval (GI).
t ðnÞ is the PN in the Tx. Then the Rx signal is
where r ðnÞ is the Rx PN, h d is the dth tap of the channel impulse response between the Tx and Rx antennas with delay d, and vðnÞ is the received additive white Gaussian noise (AWGN) with variance 2 v and zero mean. D is the maximum delay of the channel and is assumed D < N GI .
After GI removal and FFT, the Rx signal at the mth subcarrier becomes
Substitute (1) and (2) into (3), then the received signal becomes
In (4) 
The approximation in (4) holds, when Èðd; m 0 À mÞ % Èð0; m 0 À mÞ ≜ÈðÁmÞ, 
whereĤðmÞ is the estimated TF that will be discussed in the following section, and the second approximation holds whenĤðmÞ % HðmÞ and Hðm þ 1Þ % HðmÞ % Hðm À 1Þ. The former is depending on the accuracy of channel estimation, and the latter implies that the TFs of the adjacent subcarriers should be similar to each other. In [3] , the adaptive 3-tap frequency domain equalizer is adopted to compensate the CPE and cancel the adjacent ICIs. The same scheme is employed as shown below forXðmÞ in (8 [3] . The first and second preambles are for the timing recovery and channel estimation, respectively. Each data symbol has several pilot subcarriers for the estimation of CPE/ICI compensation weights. Note that, the construction of channel estimation preamble will be further discussed in the following section. It is expected to reduce almost half of the ICI power with the proposed scheme, for the ratio of the adjacent ICI power to total ICI power is about 47% [3] .
Phase noise-robust channel estimation
In [5] , several channel estimation schemes were compared for OFDM systems, which can be divided into two types: block-type and comb-type. In block-type, the pilots are inserted into all of the subcarriers of the channel estimation preamble. On the other hand, in comb-type, the pilots are inserted into the pilot subcarriers, which are separated by several data subcarriers in each OFDM symbol. In this paper, we compare these two types of channel estimation schemes that are employed in the channel estimation preamble. Especially, in the comb-type preamble, we insert one null data into each subcarrier between two pilot subcarriers, i.e., the pilots are inserted at one subcarrier interval. It is expected to reduce almost half of ICI (for the reason discussed in [3] ), and keep the estimation accuracy with the single subcarrier interval. The comb-type channel estimation consists of channel estimation at pilot subcarriers and interpolation for the TF. In [5] , the interpolation methods include: linear interpolation (LI), second order interpolation (SOI), and time domain interpolation (TDI). TDI is a high-resolution method based on DFT/IDFT and zero-padding. After obtaining the estimated channel at each pilot in the preamble, H ðpÞ ðm p Þ, m p ¼ 0; 1; . . . ; N 0 p À 1, it is first converted to the time domain by IDFT:
where N 0 p is the number of pilots in the preamble, H ðpÞ ðm p Þ ¼ Y 0 ð2m p þ 1Þ= X 0ðpÞ ðm p Þ, m p is the index of the pilots, X 0ðpÞ is the pilot signal in the preamble, and Y 0 is the frequency signal of the received preamble. Note that we select the odd subcarriers as pilots to avoid the DC offset at the 0th subcarrier. Then, the signal is interpolated by transforming the N 0 p points into 2N 0 p points with the basic multi-rate signal processing properties:
where n p ¼ 0; 1; . . . ; 2N 0 p À 1, is the index of the time-domain interpolated impulse responseh. It is converted into the frequency domain by DFT:
where m 
We conduct a simulation to compare the estimation accuracy of the schemes with the simulation parameters shown in the next section. We compare the mean squared error (MSE) performances of the channel estimation methods; and the simulation results are shown in Fig. 1 . Note that the number of pilots of the combtype is half of the block-type, so it has 3 dB SNR gain for each comb-type pilot. Without PN, when SNR is higher than 26 dB, the block-type scheme has lower MSE level. The error floors of the comb-type schemes appear due to the interpolation accuracy of the schemes. With PN, the performance of the block-type scheme degrades significantly, when SNR is larger than 25 dB, and the comb-type scheme with TDI has the best performance in the channel estimation schemes; and thus the comb-type scheme with TDI is adopted in the following performance evaluation as the PN-robust channel estimation. An important point is that, the estimation error due to the CPE is not counted in the MSE; for CPE of the estimated TF can be easily compensated in the following data symbols together with the CPE of the individual OFDM symbols.
Computer simulation
The simulation is conducted to evaluate the proposed scheme (FD-PNC), with the parameters shown in Table I . It is compared with the conventional schemes: CPE compensation only, (CPEC), and iterative PN compensation scheme (DD-PNC) [2] . Fig. 2 shows the average packet error rates (PER) of the schemes. From the results, the performance of "DD-PNC TDI" is the nearest to system without PN but with prefect TF (w/o PN ideal Ch), while "CPEC ideal Ch" degrades significantly even when SNR is large. At PER ¼ 10 À2 , the SNR degradations from "DD-PNC TDI"
of "FD-PNC ideal Ch" and "FD-PNC TDI" are 2.6 dB and 5.0 dB, respectively; however, the PER of "FD-PNC TDI" is still one order of magnitude smaller then "CPEC ideal Ch", when SNR is 30 dB. We count the the numbers of real multiplications as the complexities for the proposed simple frequency domain scheme and the conventional iterative method. In the proposed scheme, the complexities of (9) and (10) are (12N d ) and (84N p þ 144), respectively, where N d is the number of data subcarriers. For channel estimation, the complexities of (11) and (13) in [2] , for each symbol, the complexities of DD-PNC and DDCE are (22N þ 4N log 2 N) and (10N þ 4N log 2 N) , respectively, where Ω is the number of extracted paths after the path detection (selection). With the simulation parameters and setting ¼ 32, the complexity of the conventional scheme becomes 2:1 Â 10 5 per symbol. Obviously, the proposed scheme has much lower complexity. [2] . Generated by AR model. 
Conclusion
We proposed a simple frequency domain ICI compensation scheme with phase noise-robust channel estimation. Although, comparing with the conventional iterative scheme, the proposed scheme has several dB SNR degradation, it has much lower numerical complexity, and is expected to have lower and fixed latency that let it can be easily implemented.
